Introduction
============

Although tyrosine kinase inhibitors (TKI) have profoundly changed the prognosis of chronic-phase chronic myeloid leukemia (CML-CP), some 10-15% of affected individuals do not respond and need other therapies.^[@b1-1042400]^ Four TKI are approved for use in newly-diagnosed CML, including imatinib and the second-generation TKI (2G-TKI) dasatinib, nilotinib and bosutinib. In randomized studies, 2G-TKI induce faster, deeper molecular responses than imatinib with a lower risk of progression to blast phase but no convincing evidence of better survival.^[@b2-1042400]--[@b4-1042400]^ Consequently, there is controversy as to which TKI to use as initial therapy, although imatinib remains the first choice for many people because of the low incidence of serious life-threatening side-effects and recent availability of less expensive generic formulations.^[@b5-1042400],[@b6-1042400]^

Clinical risk scores can be used to direct initial therapy but are often inaccurate at the subject level.^[@b7-1042400]--[@b10-1042400]^ Early molecular responses analyzed by reverse transcription-quantitative PCR (RT-qPCR) at 3, 6 and 12 months are widely used to direct therapy.^[@b11-1042400]--[@b13-1042400]^ Individuals failing to achieve these landmarks can be switched to a different TKI but there are no convincing data that the change of therapy changes their outcome. Because most progressions occur within two years of starting TKI-therapy^[@b14-1042400]^ early identification of those at high risk of progression would facilitate more rapid decision-making regarding more aggressive therapy.

In other hematologic neoplasms, the presence of somatically mutated genes involving signaling, RNA splicing, transcriptional control, DNA damage response and epigenetic regulation is correlated with survival and sometimes drives treatment.^[@b15-1042400],[@b16-1042400]^ However, no 'mutator' phenotype associated with clinical outcome has been described in CML, particularly in chronic phase, as earlier studies focused on blastic phase.^[@b17-1042400]--[@b20-1042400]^ Four recent whole-exome sequencing (WES) and/or whole-transcriptome (RNA-Seq) studies identified somatic variants in 24, 19, 13 and 65 exomes (or transcriptomes in one study) from newly-diagnosed CML-CP^[@b21-1042400],[@b22-1042400]^ and in chronic phase and blast transformation.^[@b23-1042400],[@b24-1042400]^ Studies using deeper, targeted sequencing described genetic variants in CML-CP,^[@b25-1042400]--[@b28-1042400]^ especially in genes associated with epigenetic regulation. These variants were also present in Philadelphia (Ph)-chromosome-negative cells, suggesting that they antedated the *BCRABL1* translocation event as an early step in developing CML.^[@b29-1042400]^ Finally, variants in hematologically normal elderly individuals are described, although the risk of conversion from age-related clonal hematopoiesis (ARCH) to leukemia was modest.^[@b30-1042400],[@b31-1042400]^

We recently identified differences in genome-wide DNA methylation patterns in CD34^+^ cells of CML-CP compared with normal subjects. These differences were not observed at the time of complete cytogenetic remission,^[@b32-1042400]^ suggesting a role for epigenetic regulation in CML-CP. In this study, we interrogated genetic variants in pre-therapy CML-CP using a targeted panel of genes enriched in epigenetic modifiers and Ion Torrent Personal-Genome-Machine (PGM) next-generation sequencing (NGS). We then assessed the predictive value of these variants for diverse therapy outcomes in the context of different TKI therapies.

Methods
=======

Study participants
------------------

We studied 124 untreated subjects with CML-CP and 14 normal individuals as negative controls, selecting CD34^+^ cells. Subjects were non-consecutive and selected for optimal response (n=69) or non-response (n=55) to TKI-therapy.^[@b11-1042400]^ Evolution of the somatic variants after treatment, was investigated using CD34^+^ (n=11) and whole-blood cells (n=4) from subjects in major molecular remission (MR3; 3-log reduction in *BCRABL1*-transcripts from baseline) and after progression to blast phase, respectively. We also used CD34^+^ cells from three subjects with somatic variants at diagnosis, to establish liquid cultures with *in vitro* TKI-treatment, as a biological validation of our findings (*Online Supplementary Methods* and *Results*, and *Online Supplementary Figure S1*). All subjects gave written informed consent and the local research Ethics Committee approved the study.

Definitions
-----------

Response was defined as *BCRABL1/ABL1* transcript levels according to the International Scale (IS) ≤10%, ≤1% and ≤0.1% at 3, 6 and 12 months after initiating TKI-therapy, respectively.^[@b11-1042400]^ Because some subjects did not have real-time qualitative polymerase chain reaction (RT-qPCR) sampling at pre-specified times during the first year, responders were required to have at least ≥2 of these results available. Non-responders satisfied the European LeukemiaNet criteria for failure.^[@b11-1042400]^

DNA preparation
---------------

In 103 subjects, paired leukemia/control DNA was analyzed; in 44 and 59 subjects control DNA was obtained from diagnostic T cells expanded *in vitro* and from samples in MR4-molecular remission (4-log reduction from baseline),^[@b33-1042400]^ respectively. We measured *BCRABL1/ABL1* in 13 T-cell samples and confirmed very low expression. In seven subjects with somatic variants at diagnosis we compared detection of somatic variants in whole-blood and CD34^+^ cell populations (*Online Supplementary Methods and Results*).

Targeted gene panel design
--------------------------

Based on preliminary analyses investigating gene expression for epigenetic modifiers in CML-CP (*Online Supplementary Methods* and *Results*, and *Online Supplementary Figure S2*), and a literature review for frequently mutated genes in leukemia, we generated a custom panel of 71 genes enriched for modifiers of DNA methylation and histone methylation/acetylation (2002 amplicons) ([Table 1](#t1-1042400){ref-type="table"}).

###### 

Seventy-one epigenetic modifiers grouped according to gene function.
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Semi-conductor-based targeted sequencing
----------------------------------------

Amplicon library preparation, templating and sequencing using the Ion Torrent PGM (Thermo Fisher Scientific, Waltham, MA, USA) were performed in line with the manufacturer's instructions (*Online Supplementary Methods*). To validate somatic variants, we re-ran newly-prepared libraries with validation rate of 70% (49 of 70).

Ion PGM sequencing informatics
------------------------------

Base-calling, mapping, alignment and further quality filtering were performed using Torrent-Suite_v4.0.2 and the Cloud-based Ion-Reporter_v5-software (Thermo Fisher Scientific; analysis pipeline available in *Online Supplementary Methods* and *Online Supplementary Figure S3*). The data have been deposited at the European Variation Archive under accession n. PRJEB32264.

Statistical analysis
--------------------

Results were analyzed in R_v3.2.2. Event-free-survival (EFS),^[@b34-1042400]^ progression-free-survival (PFS) and CML-related-survival probabilities were estimated by the Kaplan-Meier method and compared by the log-rank test at six or eight years (2G-TKI and imatinib, respectively) from starting therapy. A Cox proportional hazard regression model was used to estimate hazard ratios (HR) and 95% confidence intervals (95%CI) in univariate/multivariate analyses. The rate of MR3 at five years was estimated by the cumulative incidence function with groups compared by the Gray test (univariate), and the Fine-Gray model (multivariate analysis; see *Online Supplementary Methods*). Logistic regression and Fisher's exact test were used to calculate associations of variables and probability of greater-than-random overlaps, respectively. *P*\<0.05 were considered significant.

Results
=======

Subjects
--------

Demographic, clinical and molecular data of the subjects are shown in [Table 2](#t2-1042400){ref-type="table"}. Sixty-two, 55, 4 and 3 subjects started treatment with imatinib, dasatinib, nilotinib and bosutinib. Subjects treated initially with 2G-TKI did so because they were enrolled in clinical trials. Among subjects treated with initial imatinib, 33 were responders (R) and 29 non-responders (NR). Of those who received 2G-TKI, 36 and 26 were classified as responders and non-responders, respectively.

###### 

Demographics and clinical/molecular characteristics of subjects with chronic phase-chronic myeloid leukemia at diagnosis.
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Sequencing data
---------------

A mean depth of coverage of 302× (range: 85×-1088×) was achieved yielding a limit of detection of 4% variant allele frequency (VAF). After filtering (*Online Supplementary Figure S3*), 142 non-synonymous variants remained (in 51 of 71 genes), of which 43 were somatically acquired variants. Of these, 40 were classed as somatic if they were present only in leukemia DNA, and three as pre-leukemia (before *BCRABL1*) if VAF in leukemia DNA was \>20% greater than VAF in control DNA. The remaining 99 were present at similar VAF (about 50%) in leukemia and control/matched DNA and were most likely germline variants.

Incidence of somatic variants in chronic-phase chronic myeloid leukemia
-----------------------------------------------------------------------

Forty-three somatic variants were observed 49 times (5 variants \>1) in 37 of 124 subjects \[30% (95%CI: 23, 39%)\], including 18 of 62 subjects \[29%, (95%CI:20, 43%)\] in the imatinib cohort and 19 of 62 subjects \[31% (95%CI:21, 45%)\] in the 2G-TKI cohort. The incidence of subjects with at least one somatic variant (1 or ≥2 grouped together) was higher in non-responders \[22 of 55; 40% (95%CI:28, 53%)\] compared with responders from both imatinib- and 2G-TKI-treated cohorts \[15 of 69; 22% (95%CI: 14, 33%); *P*=0.031) ([Figure 1A](#f1-1042400){ref-type="fig"}). More than one somatic variant in the same or different genes was seen in three subjects in the imatinib cohort and in six of the 2G-TKI cohort and occurred more often in non-responders ([Figure 1A](#f1-1042400){ref-type="fig"}).

![Landscape of somatic variants in individuals with chronic-phase chronic myeloid leukemia (CML-CP) at diagnosis. (A) Pie charts show the percentage of somatic variants in imatinib (IM)- and second-generation tyrosine kinase inhibitor (2G-TKI)-treated subjects and per responders (R) + non-responders (NR) group. Gray: no variants; light orange: one variant; dark orange: ≥2 variants. *P*-value from Fisher's exact test comparing the incidence of subjects with variants (1 or ≥2 grouped together), compared with no variants, in R *versus* NR from the IM and 2G-TKI groups. (B) Somatic variants number and type in each patient (n=37) sorted in IM-R, IM-NR, 2G-TKI-R and 2G-TKI-NR. Number of variants/subject are reported at the bottom of each column. Yellow: missense; blue: nonsense; orange: frameshift insertions; gray: non-frameshift deletions; green: splice-site variants. Intensities of each color cell indicate the variant allele frequency (VAF) of each somatic variant with darker colors associated with higher VAF. Pre-leukemia variants are depicted in boxes in dashed lines, COSMIC with "C" and 2 variants affecting the same gene with "2x". (C) Bar plots indicate the number of variants affecting each gene. Genes (rows) ordered by prevalence of variants/gene in CML-CP.](1042400.fig1){#f1-1042400}

Most of the 49 variants (26 missense, 14 nonsense, 3 splice-site, 5 frameshift insertions and 1 non-frameshift deletion) identified in 21 of 71 genes were in non-responders ([Figure 1B](#f1-1042400){ref-type="fig"} and *Online Supplementary Table S1*). The most frequently altered genes were *ASXL1* (n=10 in 9 subjects), *IKZF1* (n=6 in 4 subjects), *DNMT3A* and *CREBBP* (n=4), *KMT2D* (MLL2), *KMT2E* (MLL5), and *EP300* (n=3) ([Figure 1C](#f1-1042400){ref-type="fig"}). VAF were 4.6-64% and for 28 of 49 variants were \<20% ([Figure 1B](#f1-1042400){ref-type="fig"}). In three subjects, two variants occurred in the same gene. Fifteen of 43 variants (35%) are currently listed in the COSMIC v86 database ([Figure 1B](#f1-1042400){ref-type="fig"}).

None of these variants were found in the paired-control DNA, apart from three variants, classed as pre-leukemia and detected in the diagnostic CD34^+^ cells at a markedly higher VAF than in control DNA. Two variants occurred in *DNMT3A*: a missense (p.Arg899Gly) and a splice-site (c.1123-2A\>G) variant with VAF of 50% and 48%, respectively, at diagnosis, but reduced to 22% and 6% in paired remission samples collected at 55 and 47 months from starting therapy, respectively (with *BCRABL1/ABL1* of 0.0012% and 0.0009%, respectively). An *ASXL1* nonsense variant (p.Tyr591\*) occurred at 52% and 16% in leukemia and paired T cells, respectively.

Evolution of somatic variants after imatinib treatment
------------------------------------------------------

We next examined somatic variants in follow-up samples from the imatinib-treated subjects. In four subjects with somatic variants detected in CD34^+^ cells at diagnosis who progressed to blast phase (BP) we compared paired samples from whole-blood cells (as opposed to CD34^+^ cells) at diagnosis and in BP (median follow up 25 months). The somatic variants identified in diagnostic CD34^+^ cells (*ASXL1* p.Gln780\*, *ASXL1* p.Gln594fs) at high level (VAF 51% and 40%, respectively) were also found in diagnostic whole-blood cells at similar VAF. On the contrary, those identified in diagnostic CD34^+^ cells (*IKZF1* p.Arg184Trp and *IKZF1* p.Arg213\*/IKZF1 p.Tyr348\*) at low levels (VAF 5.9%, and 6.9%/4.9%) were undetectable in diagnostic whole-blood cells. In one case of low-level variants (*IKZF1* p.Arg213\*/*IKZF1* p.Tyr348\*) identified in diagnostic CD34^+^ cells, these were undetectable in whole-blood samples from CP and BP; however, the clone with the low-level variant *IKZF1* p.Arg184Trp, expanded during progression (from undetectable to 17% VAF). As for the high-level variants, in one case the variant *ASXL1* p.Gln594fs remained at similar levels (from 40% to 43%) in both CP and BP, whereas in the second case, the variant *ASXL1* p.Gln780\* dropped to lower, but still high, levels in BP (from 45% to 27%) (*Online Supplementary Table S2*).

Of the 11 patients who achieved MR3 and in whom we had paired samples, only three had somatic variants at diagnosis (*KMT2D* p.Gln3946Leu, *PRMT9* p.Phe591fs, *IKZF1* p.Arg184Trp) with VAF of 54%, 42% and 16%, respectively. These variants were undetectable in the follow-up samples collected at a median of 20 months from starting therapy. In two subjects achieving MR3 we identified variants (*DNMT3A* p.Cys497Tyr and *EHMT2* p.Pro196Gln) in follow-up samples in MR3 with median follow-up 18 months with VAF of 5% and 10%. These variants were undetectable at diagnosis, so the possibility arises that they are due to clonal evolution in Philadelphia negative clone (*Online Supplementary Table S2*). The same *DNMT3A* variant was identified at 141 months from diagnosis, when the patient was in durable MR4 and the sample was collected as a control. The presence of eight missense variants identified only in the paired deep remission samples (with median follow up 72 months) was associated with increased age (*P*=0.029) (*Online Supplementary Results* and *Online Supplementary Table S3*).

Somatic variants and outcomes in subjects treated with imatinib
---------------------------------------------------------------

Imatinib-treated subjects with somatic variants had lower rates of 5-year MR3 compared to subjects without variants at diagnosis \[47% (95%CI: 11, 68%) *vs*. 94% (67, 99%); *P*=0.048) ([Figure 2A](#f2-1042400){ref-type="fig"}). Similarly they had lower rates of 8-year EFS, PFS and CML-related survival compared with the non-variant subjects \[28% (13, 59%) *vs*. 68% (55, 85%); *P*=0.003 for EFS; 61% (42, 88%) *vs*. 85% (74, 97%); *P*=0.025 for PFS; 58% (37, 92%) *vs*. 84% (73, 97%); *P*=0.039 for CML-related survival\] ([Figure 2 B-D](#f2-1042400){ref-type="fig"}). Somatic variants and Sokal score were independently predictive for PFS and CML-related survival whereas only somatic variants predicted EFS ([Table 3](#t3-1042400){ref-type="table"}). When compared with European Treatment and Outcome Study (EUTOS) long-term survival (ELTS) score, only ELTS score predicted MR3, PFS and CML-related survival while both ELTS and somatic variants predicted EFS ([Table 3](#t3-1042400){ref-type="table"}). Subjects with a low Sokal score or a low ELTS score and somatic variants had worse EFS (*P*=0.015 for Sokal; *P*=0.021 for ELTS) and PFS (*P*=0.040 for Sokal; *P*=0.031 for ELTS) than those without somatic variants (*Online Supplementary Figure S4A* and *B*). The trends towards poorer outcomes in subjects with somatic variants was also evident for intermediate-and high-Sokal/ELTS subjects. Somatic variants were a more accurate predictor of outcomes compared with *BCRABL1* transcript type ([Table 3](#t3-1042400){ref-type="table"}) and similarly compared with *BCRABL1/ABL1* transcript levels before TKI-therapy, age and gender (*data not shown*).

![Association of occurrence of somatic variants with clinical outcome of chronic-phase chronic myeloid leukemia (CML-CP) patients starting on imatinib (IM) treatment. Kaplan-Meier survival analyses in IM-treated subjects with somatic variants (red dashed line) *versus* non-variant (black solid line). The end points used were cumulative incidence of major molecular response (3-log reduction in BCRABL1 transcripts from baseline; MR3) at five years (A) and probabilities of event-free survival (EFS) (B), progression-free survival (PFS) (C) and CML-related survival at eight years after start of therapy (D). Hazard R (95%CI) derived from Cox proportional hazard regression models and the *P*-value calculated by the Log Rank test also shown. Number of subjects (N) per group is also shown. Notably, two subjects have been excluded from the survival analysis due to non-CML-related deaths, whereas five subjects have been excluded from the EFS and two from the major molecular response (MR3) analyses, because of IM failure due to intolerance.](1042400.fig2){#f2-1042400}

###### 

Multivariate analysis of somatic variants with Sokal score, European Treatment and Outcome Study long-term survival (ELTS) score and BCRABL1 transcript type in the imatinib cohort for cumulative incidence of 3-log reduction in *BCRABL1* transcripts from baseline (MR3) (by the Fine-Gray model) and probabilities of event-free survival (EFS), progression-free survival (PFS) and chronic myeloid leukemia (CML)-related survival (by the Cox proportional hazard regression model).
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Molecular response within the 1^st^ year (calculated by *BCRABL1/ABL1* transcripts at 3, 6, 12 months) (*P*\<0.001) and somatic variants (*P*=0.044) were independently predictive for EFS. Non-responders without somatic variants had a better EFS \[23% (9, 59%)\] compared to non-responders with somatic variants at 0% (*Online Supplementary Figure S5A*). No association was detected between somatic variants in epigenetic modifiers at diagnosis and subsequent BCRABL1 kinase domain (KD) mutations (*P*=0.81).

In all the above analyses, we included the subject with pre-leukemia variant. Excluding this subject did not alter our conclusions (*Online Supplementary Table S4A*).

Somatic variants and outcomes in the second-generation tyrosine kinase inhibitor cohort
---------------------------------------------------------------------------------------

There was no association between the presence of somatic variants and the 5-year rates of MR3 and 6-year rates of EFS, PFS and CML-related survival in 2G-TKI-treated subjects: 90% (39, 98%) *vs*. 100%, *P*=0.25 for MR3; 61% (41, 91%) *vs*. 75% (62, 92%), *P*=0.32 for EFS; 82% (66, 99%) *vs*. 89% (80, 99%), *P*=0.46 for PFS; 81% (63, 99%) *vs*. 93% (85, 99%), *P*=0.29 for CML-related survival in variant *versus* non-variant subjects ([Figure 3](#f3-1042400){ref-type="fig"}). We found no association of the somatic variants with outcomes in multivariate analysis with Sokal score, ELTS score or type of *BCRABL1* transcript (*Online Supplementary Table S5A*). When combined with molecular response within the 1^st^ year, only *BCRABL1/ABL1* transcripts within the 1^st^ year but not somatic variants were predictive for MR3 and EFS. Non-responders with and without variants had no significant difference in rates of EFS: 38% (16, 87%) *vs*. 48% (27, 85%), respectively; *P*=0.69 (*Online Supplementary Figure S5B*).

![Association of occurrence of somatic variants with clinical outcome of individuals starting on second-generation tyrosine kinase inhibitor (2G-TKI) treatment. Kaplan-Meier survival analyses in 2G-TKI-treated subjects with somatic variants (red-dashed line) *versus* non-variant (black-solid line). The end points used were cumulative incidence of major molecular response MR3 at five years (A) and probabilities of event-free survival (EFS) (B), progression-free survival (PFS) (C) and chronic myeloid leukemia (CML)-related survival at six years after start of therapy (D). HR (95% CI) derived from Cox proportional hazard regression models and the *P*-value calculated by the Log Rank test also shown. Number of subjects (N) per group is also shown. Notably, one subject has been excluded from the survival analysis due to non-CML-related death, whereas 12 subjects have been excluded from the EFS and five from the major molecular response (MR3) analyses because of 2G-TKI failure due to intolerance.](1042400.fig3){#f3-1042400}

Excluding the two subjects with somatic pre-leukemia variants did not alter our conclusions (*Online Supplementary Table S4B*).

To reduce potential heterogeneity conferred by different 2G-TKI, we next investigated the association of somatic variants with outcomes in the dasatinib-treated cohort only (n=55). No association with outcomes was detected (*Online Supplementary Table S5B*).

Germline variants in chronic-phase chronic myeloid leukemia subjects
--------------------------------------------------------------------

We identified 99 missense variants classified as rare germline (with frequency \<1% in the general population) (*Online Supplementary Results*, *Online Supplementary Table S6* and *Online Supplementary Figure S6*), which did not affect clinical outcome in either cohort (*data not shown*).

Functional associations of variants with chronic myeloid leukemia
-----------------------------------------------------------------

To further investigate any association of the altered genes with CML a protein-protein-interaction (PPI) network of P210*^BCRABL1^* with the 21 coded proteins affected by the somatic variants was constructed. Twenty-one of 23 proteins were parts of the network with six proteins including those encoded by *ASXL1, IKZF1, EP300* and *RUNX1* interacting directly with P210*^BCRABL1^* suggesting a functional association (*Online Supplementary Table S7* and *Online Supplementary Figure S7*).

Finally, we studied whether the presence of a somatic variant in epigenetic modifiers influenced the DNA methylation signature in the imatinib cohort. Hierarchical clustering based on 1,028 differentially methylated positions (DMP) (see criteria in the *Online Supplementary Results*) clearly separated the 12 variant and 30 non-variant CMP-CP subjects (*Online Supplementary Figure S8*). Functional annotation of DMP showed the imatinib pharmacokinetics/pharmacodynamics pathway being among the top ten hits of over-represented pathways (*P*=0.0016) (*Online Supplementary Table S8*).

Discussion
==========

The successful introduction of TKI in CML therapy has resulted in an excellent outcome for approximately 90% of individuals, who have a life expectancy approaching that of unaffected individuals.^[@b35-1042400]^ However, the remaining 10% should ideally be identified at diagnosis and offered more potent TKI immediately or early allogeneic-stem cell transplantation if they demonstrate TKI resistance. The most widely used biomarker for outcomes in CML-CP, namely *BCRABL1* transcript levels after three months on TKI (*BCRABL1* ≤10%), identifies a cohort with an excellent prognosis. However, patients with *BCRABL1* \>10% at three months may or may not respond to 2G-TKI. Our aim was to investigate associations between somatic variants in epigenetic modifiers and response to imatinib and 2G-TKI given from diagnosis of CML-CP.

Others have explored the predictive value of a number of different biomarkers at the time of diagnosis including gene expression,^[@b36-1042400]--[@b38-1042400]^ protein expression,^[@b39-1042400]^ DNA methylation,^[@b40-1042400]^ miRNA expression,^[@b41-1042400]^ and SNP analysis,^[@b42-1042400]--[@b44-1042400]^ but none has proved sufficiently accurate and precise for clinical decision-making. We previously identified different genome-wide DNA methylation and gene expression patterns between CML-CP and normal individuals,^[@b32-1042400]^ but this did not correlate clearly with TKI response. However, this prompted us to investigate the role of genetic variants in epigenetic modifiers in greater detail.

We used targeted amplicon sequencing to detect genetic variants that might correlate with TKI response. To optimize the opportunity to assess differences in genetic variants between responders and non-responders to TKI-therapy, we selected a cohort enriched for non-responders (approx. 45% in each of the imatinib and 2G-TKI cohorts), which explains why the outcomes of patients in this study are inferior to those seen in unselected subjects.^[@b3-1042400],[@b4-1042400],[@b14-1042400]^ We believed our strategy of deliberately choosing equal proportions of responders and non-responders would maximize our chances of detecting a biomarker, if such existed. Moreover, the use of CD34^+^ progenitor cells from patients at diagnosis, the population in which the clone capable of progression resides, would maximize our chance of yielding meaningful results and reduce heterogeneity. We are aware that, for clinical utilization, our data should be validated in whole-blood samples and in a larger cohort of newly-diagnosed individuals with CML.

Progression to blast crisis in CML is often attributed to underlying 'genetic instability', in part because this is increased in stem/progenitor cells from individuals with CML (especially in blast phase) compared to normal individuals. *BCRABL1*-induced genomic aberrations and/or *BCRABL1*-independent pre-existing genetic lesions may then function as "amplifiers" of a genetically unstable phenotype and thereby predispose to blastic transformation.^[@b45-1042400]^ However, our results, and those of others, suggest that the 'mutator' phenotype of CML is moderate compared with other cancers, particularly in chronic phase. We included genes in which somatic variants have been identified by WES^[@b21-1042400]--[@b24-1042400]^ including *ASXL1, RUNX1, IKZF1, KDM2D, BCOR, IDH1/2, PHF6, TET2, KDM1A, KAT6A, SETBP1, SETD2* and found somatic variants in approximately 30% of newly-diagnosed individuals with CML-CP, similar to previous reports.^[@b25-1042400],[@b27-1042400],[@b28-1042400]^ We identified overlap with other studies of 14-30% but feel this can be explained, at least in part, by our focus on epigenetic regulators that resulted in the omission of some genes that have frequently been found mutated in CML, such as *TP53*, and also by the readily available technology of targeted NGS at the start of this project.^[@b18-1042400],[@b27-1042400],[@b28-1042400]^ Concordance with other studies regarding specific variants was also limited, while 15 somatic variants in our study were COSMIC, mostly identified in other hematologic neoplasms. Because most of the variants we identified affect epigenetic modifiers and genome-wide DNA methylation changes are reported in CML,^[@b32-1042400],[@b46-1042400]^ a better understanding of the role of such epigenetic alteration should be complemented by genome-wide landscape of histone marks.

In this study, we report for the first time a correlation between somatic variants and survival of individuals with CML-CP. Others have reported the presence of somatic variants but have so far been unable to directly associate these with clinical outcome^[@b21-1042400]--[@b24-1042400],[@b28-1042400]^ or limited the assessment to achievement of major molecular remission.^[@b25-1042400]^ One study found that a subset of variants (16 of 73) affecting epigenetic modifiers had an adverse impact on cytogenetic/molecular responses.^[@b27-1042400]^ Because of our use of extreme responders, and because of the availability of prolonged follow up, our cohort contains patients who had experienced disease progression, with 20 patients developing blast crisis over the period of observation. Eleven of these (8 of 13 and 3 of 7 on imatinib and 2G-TKI, respectively) had somatic variants. Absence of variants in the remaining subjects does not exclude their presence in genes absent from our panel, who could have structural variants/copy number variations such as *IKZF1* deletions that would be identified by WES/whole-genome sequencing whole-genome sequencing (WGS).

Although the two patient cohorts (treated with imatinib or 2G-TKI) were similar in their clinical characteristics at diagnosis and in the proportion of responders and non-responders, somatic variants impacted clinical outcome only in those treated with imatinib. This mirrors clinical experience in which the 2G-TKI can result in deep and durable responses in patients who were resistant to imatinib, and induce these responses more rapidly and in a larger proportion of patients when used as first-line therapy. One possible explanation is that the increased potency of the 2G-TKI results in the rapid eradication of the mutated clones and thus overcome the adverse prognostic impact. This hypothesis is supported by the fact that 90% of 2G-TKI-treated subjects with somatic variants achieved MR3 compared with \<50% of subjects treated with imatinib. Data from *in vitro* liquid cultures corroborated our original findings, since at least cells containing some variants were eradicated on treatment with dasatinib but persisted or were eradicated more slowly on treatment with imatinib. We also have additional indirect evidence that our findings may predict response to imatinib. First, we were able to show distinct methylation patterns between imatinib-treated subjects with and without variants, and second, the PPI network indicates close interactions between p210*^BCRABL1^* and proteins affected by somatic variation.

Somatic variants had better predictive power for outcomes than other widely-used predictive variables such as the Sokal score^[@b4-1042400],[@b14-1042400],[@b47-1042400]^ and *BCRABL1* transcript type^[@b48-1042400],[@b49-1042400]^ but less compared with the newly defined ELTS score.^[@b10-1042400]^ Previous clinical risk scores identified individuals at high risk of early progression but were less successful in predicting poor-risk subjects in the low/intermediate cohorts. Combining a clinical risk score with somatic variants is a potentially promising approach, and may be particularly valuable in those with low Sokal/ELTS scores, who are heavily influenced by age, such that a young patient with inherently poor prognosis may be inappropriately classified as non-high risk.

By using paired leukemia and control DNA, we found most somatic variants were part of a Ph^+^ clone. Therapy with imatinib eradicated the Ph^+^ clones with somatic variants in responders achieving MR3 but not in non-responders who progressed. These persistent somatic variants may be implicated in disease evolution or may be passenger mutations and require confirmation in larger cohorts.

The presence of pre-leukemia variants was implicated in three subjects. *DNMT3A, ASXL1* variants were found in Ph^+^ and, albeit at lower levels, in Ph^−^ cells. This suggests that these variants preceded the acquisition of *BCRABL1*. Variants in *DNMT3A, ASXL1* and *TET2* are thought to be latent initiating mutations^[@b31-1042400]^ and are described in CML.^[@b27-1042400],[@b28-1042400]^ However, *ASXL1* mutations have also been found in children and young adults with CML.^[@b26-1042400]^ Rare germline variants had no impact on clinical outcomes in either of the imatinib or 2G-TKI cohorts, contrary to other reports.^[@b43-1042400]^ Variants detected only in Ph^−^ cells from subjects aged \>60 years in molecular remission may have developed during therapy, or have been present at diagnosis and unmasked in remission.

In summary, we showed potentially pathogenic somatic variants of epigenetic modifiers are common in CML-CP at diagnosis, and when combined with other risk factors may be promising predictive biomarkers determining which is the best TKI for each individual.

Our study has some limitations, the most important of which are small sample size (although it is the largest study to date assessing the effect of genetic variants on survival), the potential exaggeration of the effect size due to the selection of the extreme responders / non-responders, the limited number of target genes, and the retrospective nature of our observations. Furthermore, we were unable to assess the impact of additional chromosomal abnormalities (ACA)^[@b50-1042400]^ due to the absence of cytogenetic data at diagnosis. The intriguing question remains as to whether any of the variants identified has more or less impact on prognosis, but because of the small numbers of each variant we were unable to explore this in more detail. We now wish to see our panel enriched by the addition of genes found to be altered in CML-CP by targeted, exome or WGS, and validated in larger, unselected, consecutive cohorts of individuals with CML. Our findings, if confirmed in a prospective study, could assist in distinguishing individuals who would benefit starting therapy with a more potent 2G-TKI rather than imatinib.
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